INTRODUCTION
============

The transactivator of transcription (Tat) is crucially required for efficient transcription of the integrated HIV viral genome ([@gkt934-B1],[@gkt934-B2]). Tat increases the efficiency of the transcription complex via the recruitment of various cellular factors on binding to the transactivating response (TAR) element ([@gkt934-B3]), leading to the active production of full-length viral RNA ([@gkt934-B6]). The sequence of Tat that mediates specific TAR binding has been mapped to the basic (49--57) domain composed mostly of *Arg* and *Lys* residues ([@gkt934-B11],[@gkt934-B12]), in line with the ability of arginine-rich peptides to bind specifically to RNA ([@gkt934-B13]). Moreover, Tat is thought to regulate Rev-dependent mRNA transport ([@gkt934-B16]), mRNA capping ([@gkt934-B17]), splicing ([@gkt934-B18]) and translation ([@gkt934-B19]), and to interfere with the cellular RNA interference machinery through interactions with DICER and RNA ([@gkt934-B20],[@gkt934-B21]).

In addition, several lines of evidence also suggest a role of Tat in the stimulation of reverse transcription (RTion). HIV-1 mutants deleted of the *Tat* gene display a 3- to 5-fold defect in RTion compared with wild-type HIV-1 in infected T cells and in endogeneous RTion reactions ([@gkt934-B22],[@gkt934-B23]), whereas full restoration of RTion can be achieved by transfecting the producer cells by a *Tat* expression plasmid. Moreover, recombinant Tat also stimulates 2- to 3-fold *in vitro* DNA synthesis directed by reverse transcriptase ([@gkt934-B24]). *Ex vivo* studies on Tat mutants further reveal that Tat activities in RTion and transactivation are not correlated, suggesting that Tat directly stimulates RTion ([@gkt934-B23]). The stimulatory activity of Tat in RTion is mainly supported by its 60 first amino acids ([@gkt934-B22]), with a critical role for the basic (49--57) domain and the *Tyr47* residue of the core domain ([@gkt934-B24]).

The possible stimulatory effect of Tat in RTion within HIV-1 virions was substantiated by the detection of Tat in HIV-1 virions produced by macrophages ([@gkt934-B25]). Alternatively, by permeating the plasma membrane, extracellular Tat could enter in newly infected cells to stimulate RTion after disassembly of the viral core or the natural endogeneous RTion that occurs during assembly ([@gkt934-B26]).

Part of the stimulatory effect of Tat in RTion likely results from its nucleic acid annealing activity. Tat can promote the annealing of (i) the primer tRNA onto the viral HIV-1 RNA ([@gkt934-B29]), (ii) complementary viral DNA sequences representing the HIV-1 TAR element, named dTAR and cTAR ([@gkt934-B30],[@gkt934-B31]), (iii) the HIV-1 (±) primer binding sequences ([@gkt934-B32]) and (iv) complementary RNA model sequences of 21 nt ([@gkt934-B33]). Moreover, based on mechanistic studies with the three last systems, it appears that Tat can efficiently promote annealing of complementary sequences, without showing any nucleic acid destabilizing property. Therefore, Tat does not constitute a canonical chaperone protein, but rather belongs to the family of nucleic acid annealers. The annealer activity of Tat is mainly mediated through its 44--61 domain, as demonstrated by the potent DNA and RNA annealing activities of the Tat(44--61) peptide, which corresponds to the smallest known peptide endowed with these activities ([@gkt934-B30]).

The eight basic residues of the Tat basic domain are critical for both binding to TAR ([@gkt934-B12]) and accelerating the annealing of model complementary RNA sequences ([@gkt934-B33]). Moreover, the distribution of the basic amino acids appears more important than their nature for the nucleic acid annealing ([@gkt934-B33]) and transactivation activities ([@gkt934-B12]). A further illustration of the importance of these basic amino acids is that specific acetylation of *Lys50* and *Lys51* residues, altering the positive charge distribution, allows a fine regulation of Tat activity ([@gkt934-B34]). Interestingly, mutation of the aromatic *Tyr47* residue induces only limited defects in transactivation, but strongly delays replication ([@gkt934-B40],[@gkt934-B41]), probably as a result of a RTion defect ([@gkt934-B24],[@gkt934-B42]). A further difference in the structure--activity relationship of the roles of Tat in transactivation and RTion is that only the former correlates with the nucleic acid binding affinity of Tat mutants ([@gkt934-B12],[@gkt934-B24],[@gkt934-B33]).

In this context, to further delineate the relationship between the amino acid sequence of the Tat(44--61) domain and its nucleic acid annealing activity in RTion, we investigated by fluorescence techniques and gel electrophoresis the binding and annealing activities of various mutants of the Tat(44--61) peptide on the complementary cTAR and dTAR DNA sequences involved in RTion ([Figure 1](#gkt934-F1){ref-type="fig"}). The binding of Tat(44--61) to cTAR DNA appears largely governed by electrostatic interactions with the basic residues, and further stabilized by the stacking of the *Tyr47* residue with the cTAR bases. Though all the tested peptides promoted cTAR/dTAR annealing, our data clearly evidenced that their efficiency is associated with their ability to rapidly associate and dissociate the intermediate cTAR/dTAR complex that nucleates the final cTAR/dTAR duplex. Moreover, comparison of our data with the literature further highlighted a good correlation between the ability of the Tat-mutated peptides to induce transient and dynamic interactions between the peptide-coated nucleic acids and the efficiency in RTion of the corresponding mutations in Tat. Thus, promotion of transient and dynamic nucleic acid interactions likely constitutes a key mechanistic component of the role of Tat in RTion and for nucleic acid annealers, in general. Finally, our data further suggest that acetylation of *Lys50* and *Lys51* residues may regulate Tat activity in RTion. Figure 1.Sequences of the peptides and oligonucleotides used.

MATERIALS AND METHODS
=====================

Tat(44--61), its truncated forms Tat(50--61) and Tat(44--57), its mutants Tat(44--61)R52A R53A, Tat(44--61)R55A R56A, Tat(44--61)Y47A, Tat(44--61)Q54A and the 50, 51ω-acyl-Lys form of Tat(44--61) \[Tat(44--61)ac\] were synthesized by solid-phase peptide synthesis on a 433 A synthesizer (ABI, Foster City, CA, USA) and purified by HPLC ([@gkt934-B43]). The peptides were stored lyophilized. Their purity was \>98% as judged from the HPLC elution profiles. The concentration of Tat(44--61), Tat(44--57), Tat(44--61)R52A R53A, Tat(44--61)R55A R56A, Tat(44--61)ac and Tat(44--61)Q54A was measured using an extinction coefficient at 280 nm of 1300 M^−1^cm^−1^. The concentration of Tat(44--61)Y47W was measured using an extinction coefficient at 280 nm of 5400 M^−1^ cm^−1^. The concentration of Tat(50--61) and Tat(44--61)Y47A was calculated from the absorbance of the peptide solutions at 214 nm as described in reference ([@gkt934-B44]). Unless otherwise mentioned, experiments were done in freshly prepared and degassed 25 mM Tris buffer (pH 7.5) containing 30 mM NaCl and 0.2 mM MgCl~2~.

The oligodeoxynucleotides corresponding to sense and anti-sense HIV-1 TAR and oligodeoxynucleotides selectively labeled at different positions with 2′-deoxyribosyl-2-aminopurine (2-Ap) were purchased from IBA GmbH Nucleic Acids Product Supply (Göttingen, Germany). Doubly labeled cTAR was modified at its 5′ terminus with 5 (and-6) carboxytetramethylrhodamine (TMR) and at its 3′ terminus with 5 (and 6)-carboxyfluorescein (Fl), *via* an amino-linker with a six carbon spacer arm. The oligonucleotides were purified by the manufacturer by reverse-phase HPLC and polyacrylamide gel electrophoresis. An extinction coefficient at 260 nm of 515 070 M^−1^ cm^−1^ was used to calculate the concentrations of cTAR and dTAR.

For gel electrophoresis experiments, cTAR and dTAR DNAs were 5′-end labeled using T4 polynucleotide kinase (New England Biolabs, Ipswich, MA) and \[γ-^32^P\] ATP (Perkin Elmer, Waltham, MA). For the footprinting experiments, the cTAR DNA was labeled at the 3′-end with \[α-^32^P\] dATP (Perkin Elmer, Waltham, MA) and Taq DNA polymerase (New England Biolabs, Ipswich, MA), as described previously ([@gkt934-B45]). The ^32^ P-labeled nucleic acids were purified by electrophoresis on a 12% denaturing polyacrylamide gel and isolated by elution followed by ethanol precipitation.

Investigating the TAR/peptide interactions
------------------------------------------

### Fluorescence monitoring of the peptide binding to cTAR

Equilibrium binding experiments aimed at determining the apparent association constant, *K~obs~*, of the complexes between cTAR and Tat peptides were performed by adding small aliquots (2.5--5 µl) of the peptide stock solution to 10 nM cTAR-3′-Fl. Steady-state fluorescence anisotropy (with excitation at 480 nm) of each data point was monitored at 20°C using a T-format SLM 8000 spectrofluorometer equipped with a thermostated cell holder. A home-made device ensured the automatic rotation of the excitation polarizer. The light emitted by the reaction mixture was monitored through high-pass filters (Kodak, 520 nm). The best estimate of *K~obs~* was obtained by fitting the fluorescence data to [Equation (1)](#gkt934-M1){ref-type="disp-formula"} ([@gkt934-B30]), which assumes that one molecule of cTAR can bind *n* molecules of peptide on independent and equivalent binding sites: where *S~o~* and *S~t~* are the initial and final anisotropy, respectively, *N~t~* the oligonucleotide concentration and *P~t~* the protein concentration. The value of *n* was determined to be 10 for the cTAR/Tat(44--61) interaction ([@gkt934-B30]), which corresponds to an occluded binding site of 5.5 nt per peptide. This stoichiometry was used to calculate the *K~obs~* values for all the complexes studied here. The salt dependence of the binding constants was determined from titrations performed at salt concentrations, varying from 30 to 150 mM NaCl.

### Gel retardation assays

Assays were carried out in a final volume of 10 µl. The 5′-end labeled cTAR DNA (2.5 pmol) at 8 × 10^3^ cpm/pmol was dissolved in 6 µl of water, heated at 90°C for 2 min and chilled for 2 min on ice. Then, 2 µl of renaturation buffer was added \[final concentrations: 30 mM NaCl, 0.2 mM MgCl~2~ and 25 mM Tris--HCl (pH 7.5)\] and the sample was incubated for 15 min at 20°C in the absence or presence of peptide at various concentrations. Gel loading buffer (final concentrations: 10% w/v glycerol, 0.01% w/v bromophenol blue, 0.01% w/v xylene cyanol) was added and the samples were analyzed by electrophoresis on a 10% polyacrylamide gel (Acrylamide:Bis-acrylamide = 29:1) at 4°C in 0.5 × TBE buffer \[45 mM Tris-borate (pH 8.3), 1 mM EDTA\]. After electrophoresis, the gel was fixed, dried and autoradiographed.

### Footprinting assays

Mung bean (MB) nuclease and DNase I were purchased from New England Biolabs (Ipswich, MA) and Promega (Madison, WI), respectively. Structural probing of cTAR DNA was carried out in a final volume of 10 µl. The 3′-end labeled cTAR DNA (2.5 pmol at 2×10^4^ cpm/pmol) in 5.5 µl of water was heated at 90°C for 2 min and chilled for 2 min on ice. Then, 2.5 µl of renaturation buffer (final concentrations: 30 mM NaCl, 0.2 mM MgCl~2~ and 25 mM Tris-HCl pH 7.5 for probing with DNase I; 30 mM NaCl, 0.2 mM MgCl~2~ and 50 mM sodium cacodylate pH 6.5 for probing with MB nuclease) were added and the sample was incubated for 15 min at 20°C in the absence or presence of peptide at various concentrations. The samples were then incubated with either 2 units of MB nuclease for 15 min at 20°C or 0.1 unit of DNase I for 7 min at 20°C. The cleavage reactions were stopped by phenol-chloroform extraction followed by ethanol precipitation. The dried pellets were resuspended in 10 µl of loading buffer (7 M urea, 0.03 w/v% bromophenol blue and 0.03 w/v% xylene cyanol). The G, G+A and T+C sequence markers of the labeled cTAR were produced by the Maxam--Gilbert method ([@gkt934-B46]). To identify all cleavage sites at the nucleotide level, the samples were analyzed by electrophoresis on denaturing 14% polyacrylamide gels using short and long migration times.

Investigating the kinetics of the cTAR/dTAR annealing reaction
--------------------------------------------------------------

The kinetics of cTAR/dTAR annealing was investigated at 20° C under pseudo first-order conditions by reacting 10 nM doubly labeled cTAR with, at least, a 10-fold higher concentration of unlabeled dTAR ([@gkt934-B30],[@gkt934-B31],[@gkt934-B47]) in the presence of Tat(44--61) or one of its derivative added to a molar ratio of three peptides per oligonucleotide. The reaction was triggered by mixing 400 µl of a solution of dTAR and peptide with the same volume of a solution of TMR-5\'-cTAR-3′-Fl and peptide, a process that avoids aggregation resulting from local high concentration of reagents. The annealing process was followed by continuously monitoring the Fl fluorescence intensity at 520 nm (with excitation at 480 nm). All reported concentrations of the reagents correspond to those after mixing. Emission spectra and kinetic traces were recorded with a FluoroMax 3 spectrofluorometer (Jobin Yvon Instruments) equipped with a thermostated cell holder. All fluorescence intensities were corrected for buffer emission and lamp fluctuations.

Non-linear least square fits were performed with the Levenberg--Marquardt algorithm using the Origin software (Microcal). Numerical resolution of the kinetic parameters was performed by fitting simultaneously the set of progress curves with the Dynafit software (BioKin Ltd.) ([@gkt934-B48]). Numerical tests (Kolmogorov, Durbin--Wattson, Tukey statistics) and the reduced χ^2^ values were used to evaluate goodness of fit.

RESULTS AND DISCUSSION
======================

Identification of the determinants for Tat(44--61) binding to cTAR
------------------------------------------------------------------

To map the critical amino acids of Tat(44--61) for binding to cTAR, comparative quantitative affinity measurements of Tat(44--61) mutants ([Figure 1](#gkt934-F1){ref-type="fig"}) were assessed using fluorescence anisotropy by titrating a fixed amount of cTAR-Fl with increasing peptide concentrations ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1), [Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1)). The values of the observed equilibrium association constants *K~obs~* for the various peptides were obtained by fitting the data with [Equation (1)](#gkt934-M1){ref-type="disp-formula"}, assuming that the *n* = 10 binding sites on TAR DNA were identical and independent. This approach was shown to be reasonable to comparatively assess the affinities of other viral proteins and their mutants with cTAR DNA ([@gkt934-B30],[@gkt934-B49],[@gkt934-B50]). The *K~obs~* value of 9(±2) × 10^7^ M^−1^ obtained for the native Tat(44--61) peptide was close to the 1.7 × 10^8^ M^−1^ and 5.1 × 10^7^ M^−1^ values ([Table 1](#gkt934-T1){ref-type="table"}) reported for slightly shorter peptides, namely, Tat(47--58) and Tat(46--60), respectively, to their specific binding site on the upper part of TAR RNA ([@gkt934-B12],[@gkt934-B51]). This similarity in the binding constants clearly indicates that the Tat(44--61) peptide binds to cTAR DNA with high affinity, giving further credit to the relevance of cTAR as a target of the Tat protein. Table 1.Equilibrium association constant for the peptide: cTAR complexesPeptide*K~obs~ (M-1)*Tat(44--61)9 ± 2 × 10^7^[^a^](#gkt934-TF1){ref-type="table-fn"}Tat(44--61)Y47A3.5 ± 1 × 10^7^Tat(44--61)Y47W9 ± 2 × 10^7^Tat(44--57)1.2 ± 0.3 × 10^8^Tat(50--61)2.4 ± 0.4 × 10^7^Tat(44--61)Q54A5.7 ± 1 × 10^7^Tat(44--61)R52A, R53A8 ± 2 × 10^6^Tat(44--61)R55A, R56A1.0 ± 0.1 × 10^7^Tat(44--61)ac3.3 ± 1 × 10^6^[^1][^2]

Although replacement of the *Tyr47* residue by an *Ala* residue in the Tat(44--61)Y47A mutant resulted in a decrease of the *K~obs~* value by a factor of about three, nearly no change in affinity accompanied its replacement with *Trp* in the Tat(44--61)Y47W mutant, suggesting that an aromatic residue at position 47 is required to stabilize the complex, likely through stacking with the bases of cTAR. Interestingly, removal of the six N-terminal amino acids \[Tat(50--61)\] only resulted in a marginal additional decrease of the *K~obs~* value as compared with the Tat(44--61)Y47A mutant, indicating that the *Tyr47* residue plays the most important role in the six N-terminal residues for stabilizing the complex of Tat(44--61) with cTAR. As *Trp* conservatively replaces *Tyr* in the Tat(44--61)Y47W mutant, and as *Trp* fluorescence properties are highly sensitive to stacking interactions with bases ([@gkt934-B52]), we investigated the steady-state and time-resolved fluorescence properties of the conservative Tat(44--61)Y47W mutant to further characterize the binding mode of the *Tyr47* residue with cTAR.

In the absence of cTAR, the wavelength of the emission maximum (351 nm) and the quantum yield (0.105) of *Trp47* in Tat(44--61)Y47W were typical of those of fully solvent-exposed *Trp* residues in unfolded peptides ([@gkt934-B55]). This conclusion was further substantiated by the similarity of the time-resolved fluorescence parameters of Tat(44--61)Y47W ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1) in [Supplementary Materials](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1)) with those of *N*-acetyl tryptophanamide in buffer ([@gkt934-B55]). Addition of cTAR induced a dramatic 3.2-fold decrease in the quantum yield, associated with an only 1.37-fold decrease in the mean lifetime. The differential behavior of these two parameters clearly suggests the presence of a population of 'dark' species, with a lifetime shorter than the detection limit of our equipment (≈ 30 ps) and an *α~0~* amplitude that could be calculated by: where \<*τ*\>*~T~* and \<*τ*\>*~T-cT~* are the mean lifetime of Tat(44--61)Y47W in the absence and presence of cTAR, respectively, and *R~m~* is the ratio of their quantum yields. An *α~0~* value of 0.46 was obtained. In addition, a short-lived lifetime of 100 ps associated with an amplitude of 0.14 was also observed. Both the short-lived component and the dark species could be attributed to a stacking interaction of *Trp47* with the cTAR bases ([@gkt934-B52]). According to the amplitudes of these components, the *Trp47* residue appears to be stacked in 60% of the Tat(44--61)Y47W/cTAR complexes, so that stacking is the dominant interaction mode for this residue. In the remaining 40% of the complexes, the lifetimes of *Trp47* were only slightly smaller than those of the free peptides, suggesting that in these populations, the *Trp47* residue exhibits only limited contacts with the cTAR bases.

In contrast to the N-terminal residues, deletion of the four C-terminal amino acids \[Tat(44--57)\] induced a modest increase of the *K~obs~* value, suggesting a marginal contribution of the ^58^PPQG^61^ residues in the binding of the peptide to cTAR. Similarly, mutation of the *Gln54* residue located within the cluster of basic residues to an *Ala* was only accompanied by a moderate decrease of *K~obs~* (\< 2-fold), indicating a limited role of this residue in the binding process. The contribution of the positively charged and highly conserved basic residues of Tat was also investigated. Double mutation of pairs of basic residues (*Arg52* and *Arg53*, *Arg55* and *Arg56*) to *Ala* residues or acetylation of *Lys50* and *Lys51* residues was accompanied by a 9- to 30-fold decrease of the *K~obs~* value, indicating a major role of these residues in the stability of the cTAR/Tat(44--61) complexes. Interestingly, acetylation of *Lys50* and *Lys51* resulted in an even stronger decrease (∼30-fold) of the binding affinity than substitution of the (*Arg52*, *Arg53*) or (*Arg55*, *Arg5*6) pairs by *Ala* residues, suggesting that in addition to the neutralization of charges, acetylation may further hinder the binding through a steric effect of the acetyl groups. Irrespective of its exact mechanism, acetylation appears efficient to reduce the affinity of Tat for its nucleic acid target. As previously described for the interaction with RNAs ([@gkt934-B12],[@gkt934-B33]), ionic interactions of the basic residues with the negatively charged phosphate groups of cTAR may well explain their role in the stability of the cTAR/Tat(44--61) complex.

To further evaluate the contribution of ionic interactions to the binding of Tat (44--61) to cTAR, we analyzed the salt dependence of the *K~obs~* values according to ([@gkt934-B56]): where *K*~(1M)~ is the equilibrium association constant at 1 M Na^+^ (which represents the non-ionic contribution to the interaction), *Ψ*~Na+~ is the fraction of cation thermodynamically bound per phosphate group and *m′* is the number of ion pairs between the peptide and the oligonucleotide. As cTAR contains both single-stranded and double-stranded regions, we took for *ψ~Na+~*~,~ a value of 0.8, intermediate to the values reported for single-strand DNA (0.71) and double-strand DNA (0.88) ([@gkt934-B56]). From the fit with [Equation (3)](#gkt934-M3){ref-type="disp-formula"} of the linear dependence of log*K~obs~* on log\[Na^+^\], we obtained *m*′ = 4.0 and *K~(1M~*~)~ = 1900 M^−1^ ([Figure 2](#gkt934-F2){ref-type="fig"}). The *m'* value indicated that half of the basic residues of the Tat(44--61) peptide were involved in the binding to cTAR, whereas only one basic residue was involved in the binding of the Tat(46--60) peptide to its high-affinity binding site on TAR RNA ([@gkt934-B51]). In contrast, application of [Equation (3)](#gkt934-M3){ref-type="disp-formula"} to the binding data of Tat(46--60) to TAR RNA ([@gkt934-B51]) revealed that its *K~(1M~*~)~ value was about two orders of magnitude higher than the *K~(1M~*~)~ value of Tat(44--61) for cTAR. As non-electrostatic interactions are a hallmark for specific binding ([@gkt934-B56]), it appears that despite their comparable binding constants at 30 mM NaCl, the multiple binding sites of cTAR for the Tat peptides are of less specific nature than the high-affinity binding site of TAR. Figure 2.Salt dependence of the binding of Tat(44--61) and Tat(44--61)ac to cTAR. The binding experiments were performed by adding increasing concentrations of Tat(44--61) (closed squares) or Tat(44--61)ac (open squares) to 10 nM cTAR-3\'-Fl in 25 mM Tris buffer (pH 7.5), 0.2 mM MgCl~2~ and the NaCl concentrations indicated on the *X*-axis. The binding process was monitored by steady-state fluorescence anisotropy, as described in 'Materials and Methods' and [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1) in the [Supplementary Materials](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1). The apparent association constant, *K~obs~*, for each titration was obtained using [Equation (1)](#gkt934-M1){ref-type="disp-formula"}. The solid lines correspond to the fits of the data points to [Equation (3)](#gkt934-M3){ref-type="disp-formula"}, using the parameters given in the text.

To get further insight in the involvement of Tat(44--61) basic residues in cTAR binding, we characterized the salt dependence of *K~obs~* for the Tat(44--61)ac peptide. The obtained *m′* value (2.6) was significantly lower than the value (4.0) for the native peptide, indicating that *Lys50* and *Lys51* residues contribute to the electrostatic interactions between the native peptide and cTAR. In contrast, the *K*~(1M)~ value (2400 M^−1^) being close to that for the native peptide indicates that *Lys50* and *Lys51* residues do not significantly contribute to non-ionic interactions. Interestingly, the decrease of the *m'* value by a value of \<2 for the acetylated derivative, as well as the stabilization of the Tat(44--61)/cTAR complexes by only half of the basic residues of the peptide were somewhat in variance with the fact that replacement of any combination of two basic residues of Tat(44--61) by Ala residues strongly decreased the binding constant. This apparent contradiction suggests that due to the high flexibility of the peptide ([@gkt934-B57]) and the highly heterogeneous structure of cTAR (that contains double-stranded regions, a central and an internal loop as well as bulges and mismatches), different combinations of four basic residues likely bind to the various cTAR binding sites.

Taken together, our data show that the Tat(44--61) domain binds to cTAR DNA with an affinity comparable with that for TAR RNA, suggesting that cTAR DNA is a likely target for Tat in the viral life cycle. Moreover, the clear relationship between the positively charged amino acids of the Tat(44--61) domain and the affinity of the peptide for cTAR evidenced a major role of electrostatic interactions in the binding process. A further stabilization can be achieved by the *Tyr47* residue, mainly through stacking with the DNA bases. Finally, our data suggest that both the flexible structure of Tat and the redundancy of basic residues in its (44--61) domain allow Tat to adapt to a large number of DNA and RNA sequences, and thus to coat them efficiently.

Gel retardation analysis of the binding of Tat(44--61) derivatives to cTAR
--------------------------------------------------------------------------

As the anisotropy technique does not allow discriminating the different species in solution, the binding properties of Tat(44--61), Tat(44--61)Y47A, Tat(44--57), Tat(50--61), Tat(44--61)ac and Tat(44--61)R52, R53A to cTAR were further investigated by gel retardation experiments ([Figure 3](#gkt934-F3){ref-type="fig"}). Controls C1 and C2 were used to locate the position of free cTAR DNA that has been heat-denatured in water and incubated in the binding buffer, respectively. The binding of the native Tat(44--61) peptide at a 1:2 ratio resulted in a decrease of the band of the free peptide to the benefit of a discrete band and smears with lower mobility as well as a band (Ag) in the wells that corresponds to high molecular weight peptide:cTAR complexes (aggregates) \[[Figure 3](#gkt934-F3){ref-type="fig"}, Tat(44--61), lane 2\]. In the latter, the cTAR molecules were likely largely coated by Tat(44--61) molecules, giving neutral complexes prone to aggregate. The discrete band corresponds probably to complexes where a limited number of Tat peptides are bound to cTAR. These data confirmed that cTAR contains several binding sites for Tat(44--61) and that complexes with various levels of coating by Tat(44--61) coexisted. Finally, at the highest peptide to nucleotide ratio (2:1), the free cTAR and the discrete band disappeared completely, so that most complexes were aggregates \[[Figure 3](#gkt934-F3){ref-type="fig"}, Tat(44--61), lane 4\]. Interestingly, the distributions of complexes with the Tat(44--57) derivative at the various peptide to nucleotide ratios were close to those of the wild-type peptide. Nevertheless, at the two lowest peptide to nucleotide ratios (compare in [Figure 3](#gkt934-F3){ref-type="fig"}, lanes 1 and 2 of the two peptides), a higher concentration of complexes as well as a lower concentration of free cTAR were observed with the Tat(44--57) derivative, indicating that this peptide shows a higher affinity to cTAR, as compared with the wild-type peptide. This higher affinity was also perceived in the binding parameters ([Table 1](#gkt934-T1){ref-type="table"}) from the anisotropy titrations, but did not appear clearly, due to the rather large error bars. Figure 3.Gel retardation assays of the binding of the Tat peptides to cTAR DNA. The cTAR ^32^P-DNA was incubated in the absence or the presence of peptide and analyzed by electrophoresis on a 10% polyacrylamide gel as described in 'Materials and Methods'. Lanes C1, heat-denatured cTAR DNA. Lanes C2, controls without peptide; lanes 1--4, peptide to nucleotide molar ratios were 1:4, 1:2, 1:1 and 2:1. The high molecular mass peptide:cTAR complexes (aggregates) are indicated by Ag.

In line with the anisotropy data, the binding patterns obtained with Tat(44--61)Y47A and Tat(50--61) were similar. In both cases, we observed a progressive accumulation of complexes with intermediate mobility and high molecular weight complexes with increasing peptide concentrations. The affinities of these two peptides for cTAR were clearly lower than those of the Tat(44--61) and Tat(44--57) peptides, as the concentrations of the high molecular weight complexes were much higher for the latter at the various peptide concentrations. Noticeably, the discrete band of intermediate mobility suggests an accumulation of a cTAR complex with a given number of Tat peptides. This observation is in variance with our assumption of identical and independent binding sites in anisotropy data, as this should have led to a distribution of complexes of various stoichiometries at sub-saturating concentrations of Tat peptides. Whether this discrete band corresponds to a cooperative binding of a few Tat peptides remains an open question.

In full line with their reduced affinities, Tat(44--61)R52A,R53A and Tat(44--61)ac did only produce limited amounts of complexes with intermediate mobility and nearly, no high molecular weight complexes, confirming the key roles of the basic residues of Tat in its affinity for cTAR. The absence of high molecular weight complexes could be due in part to the lower affinity of these peptides for cTAR, but it is also likely that all positive charges of the Tat peptide are needed to ensure the appropriate neutralization of the complexes with cTAR, and thus allow their aggregation. Moreover, comparison of the gels with the two peptides confirmed that Tat(44--61)ac is of lower affinity than Tat(44--61)R52A,R53A, as the former only induced a faint complex of intermediate mobility at the highest peptide to nucleotide ratio.

Taken together, these observations showed that the electrophoresis patterns of the various Tat derivatives are different and correlate well with their binding affinities determined by fluorescence anisotropy. The Tat derivatives associated with the highest binding constants form efficiently high molecular weight complexes, in which cTAR molecules are thought to be largely coated by Tat molecules. Though smears are observed in nearly all lanes, the discrete bands seen with all peptides suggest that cTAR molecules coated by a defined number of molecules can accumulate. The equilibrium between these complexes and the high molecular mass complexes that cannot enter the gel appeared finely tuned by the basic and *Tyr* residues of the Tat(44--61) sequence, as enlightened by the significant changes in the distribution of the complexes in the mutational binding pattern analysis.

Analysis of cTAR protection and conformational changes on interaction with Tat peptides
---------------------------------------------------------------------------------------

Next, to further characterize the interaction of the Tat peptides with cTAR, we investigated the peptide-induced protection of cTAR to enzymatic digestion to identify the cTAR nucleotides coated by the peptides. To this end, we performed a footprinting analysis, using MB nuclease and DNase I. MB is highly selective for single-stranded sequences and domains ([@gkt934-B58]), whereas DNase I is a double-strand-specific endonuclease that produces single-strand nicks ([@gkt934-B59]). The protections induced by Tat(44--61) in the cTAR hairpin were identified by comparing the cleavage patterns of cTAR in the absence and in the presence of increasing concentrations of Tat(44--61) ([Figure 4](#gkt934-F4){ref-type="fig"}). Consistent with the ability of Tat(44--61) to efficiently coat and aggregate the cTAR molecules at high peptide to nucleotide molar ratios, we observed a complete abolishment of cTAR cleavage by MB ([Figure 4](#gkt934-F4){ref-type="fig"}A, lanes 4--6) and DNase I ([Figure 4](#gkt934-F4){ref-type="fig"}B, lanes 4--6) at peptide to nucleotide ratios ≥1:2. In contrast, the Tat(44--61)Y47A and Tat(44--61)ac peptides induced limited and nearly no protection, respectively, to the enzymes ([Figure 4](#gkt934-F4){ref-type="fig"}). Thus, the protection induced by the various peptides correlates well with their ability to induce high molecular weight complexes ([Figure 3](#gkt934-F3){ref-type="fig"}). At the lowest peptide to nucleotide molar ratios \[≤1:4 for Tat(44--61) and ≤1:2 for Tat(44--61)Y47A\], only modest changes in the accessibility to MB were observed at the level of C~26~ of the apical loop, and C~5~ of the lower part of the stem ([Figure 4](#gkt934-F4){ref-type="fig"}A). For DNase I, moderate but significant decreases in the accessibility to this enzyme were observed at the same peptide to nucleotide molar ratios for positions T~4~, T~7~, G~9~, C~10~ and A~12~, in the double-stranded regions of the lower part of cTAR ([Figure 4](#gkt934-F4){ref-type="fig"}B). The moderate protection observed at the lowest peptide to nucleotide ratios suggests that either the nucleotides targeted by the two enzymes may not be included in preferential binding sites for the Tat peptides or that Tat peptides can be rapidly out-competed by the enzymes from their binding sites. Moreover, the absence of additional bands in the presence of the various Tat peptides likely excludes that the Tat peptides induce major conformational changes in the cTAR molecules. Perhaps, the only exception is the significant increase in MB accessibility at the level of the C~5~ nucleotide, observed only for the Tat(44--61)Y47A peptide. Together with the decrease of DNaseI accessibility at the neighbor T~4~ nucleotide, the change of accessibility of C~5~ to MB suggests that Tat(44--61)Y47A may destabilize the penultimate double-strand segment of cTAR. However, this destabilization may not extend up to the cTAR termini, as no destabilization was observed by fluorescence techniques, using the doubly labeled TMR-5′-cTAR-3′-Fl (data not shown). Figure 4.Footprinting analysis of the complexes of cTAR with Tat peptides using MB nuclease (**A**) and DNase I (**B**). Footprinting experiments were performed as described in 'Materials and Methods'. The 3′-end-labeled cTAR DNA was incubated with MB (2 units) or DNase I (0.1 unit) in the absence (lanes 1) or in the presence of the peptides (lanes 2--6). The peptide to nucleotide molar ratios were 1:8 (lanes 2), 1:4 (lanes 3), 1:2 (lanes 4) 1:1 (lanes 5) and 2:1 (lanes 6). Lanes C are controls without peptide and endonuclease. The G, G+A and T+C refer to Maxam--Gilbert sequence markers of cTAR run in parallel to identify the cleavage sites. Arrows indicate the cleavage sites. Closed, gray and open symbols indicate strong, medium and weak cleavage sites in the absence of peptide, respectively.

In a next step, we monitored the peptide-induced conformational changes of cTAR, using the cTAR Lai sequence where A residues were substituted by 2-aminopurine (2-Ap), a fluorescent analog of Adenine ([@gkt934-B60]), at positions 9, 17, 21, 28, 35, 45, 49, 53 and 55 ([@gkt934-B61]). Due to the exquisite sensitivity of 2-Ap fluorescence to its local environment ([@gkt934-B62],[@gkt934-B63]), site-specific characterization of the structural modifications within the cTAR hairpin sequence can be determined. The Tat(44--61) peptide induced significant changes in the 2-Ap quantum yield, only at position 9 and 49, where increases of ∼ 100 and 200%, respectively, were observed ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1), [Supplementary Materials](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1)). Nevertheless, these changes were significantly less that those observed with NC(11--55) ([@gkt934-B61]), a peptide that corresponds to the zinc-bound finger domain of NCp7 and that shows nucleic acid destabilizing and annealing activities ([@gkt934-B47],[@gkt934-B64]). In contrast, the Tat(44--61)-induced changes in 2-Ap quantum yield were similar to those induced by the unfolded (SSHS)~2~NC(11--55) peptide, that acts as a nucleic acid annealer, being defective in cTAR destabilization ([@gkt934-B49]) but efficient in promoting cTAR/dTAR annealing ([@gkt934-B61]). Therefore, by analogy to the (SSHS)~2~NC(11--55) peptide, the basic amino acids of Tat(44--61) peptide are thought to interact mainly through electrostatic interactions with the DNA phosphate groups, so that the structure of the major part of cTAR is only marginally affected by Tat(44--61), in line with the footprinting data. Moreover, the changes in 2-Ap quantum yield at positions 9 and 49 are consistent with a peptide-induced base tilting, as was reported for arginine/lysine oligopeptides ([@gkt934-B65]) and Tat(44--61) ([@gkt934-B33],[@gkt934-B66])

with other DNA or RNA sequences. As both residues are in the lower part of the cTAR stem that plays a key role in cTAR/dTAR annealing ([@gkt934-B31]), the tilting of these two residues is thought to favor the intermolecular base pairings required for nucleating the cTAR/dTAR duplex.

Identification of the determinants of the nucleic acid annealing activity of Tat(44--61)
----------------------------------------------------------------------------------------

As a preliminary step in the identification of the determinants of the Tat(44--61) domain in its nucleic acid annealing activity during RTion, we investigated whether the Tat(44--61) peptide is able to direct the annealing of the TAR RNA and cTAR DNA sequences involved in the first strand transfer. To this end, we used a previously reported annealing assay based on the fluorescence restoration of a doubly labeled TMR-5′-cTAR-3′-Fl sequence ([@gkt934-B47],[@gkt934-B67]). In contrast to NC(11--55), used as a positive control ([Figure 5](#gkt934-F5){ref-type="fig"}, red trace), no significant fluorescence enhancement could be detected during the time course of the experiment in the presence of 3 molecules of Tat(44--61) per oligonucleotide, showing that Tat(44--61) was unable to promote the annealing of TAR RNA to the doubly labeled cTAR ([Figure 5](#gkt934-F5){ref-type="fig"}, black trace). The inability of Tat(44--61) to promote cTAR/TAR annealing was confirmed by gel electrophoresis, using radiolabeled RNA (data not shown). In contrast, when TAR RNA was replaced by dTAR, the DNA equivalent of TAR RNA, the annealing reaction was fully achieved in ∼1500 s ([Figure 5](#gkt934-F5){ref-type="fig"}, green curve). These data can be explained by the fact that the promotion of TAR/cTAR annealing involves a critical destabilization step ([@gkt934-B61]) that can be induced by NC(11--55) ([@gkt934-B68],[@gkt934-B69]) but not by Tat(44--61) ([@gkt934-B31]). Moreover, in contrast to TAR, the existence of a small amount of thermally melted and reactive dTAR at 20°C ([@gkt934-B64],[@gkt934-B68],[@gkt934-B70],[@gkt934-B71]) can facilitate its annealing with cTAR, already in the absence of peptide.([@gkt934-B47]) As a consequence, the strong acceleration of the annealing reaction between cTAR and dTAR but not TAR by Tat(44--61) confirms that this peptide promotes only annealing reactions that can already occur in the absence of peptide. Therefore, Tat(44--61) is confirmed as a nucleic acid annealer rather than a true chaperone ([@gkt934-B33]). Figure 5.Evidence that Tat(44--61) does not promote cTAR/TAR RNA annealing *in vitro*. The 10 nM TMR-5′-cTAR-3′-Fl was reacted with 100 nM TAR RNA (black trace) or with 100 nM dTAR (green trace) using a peptide to oligonucleotide molar ratio of 3. For comparison, cTAR/TAR RNA annealing was also monitored in the presence of NC(11--55) at a molar ratio of 11 peptides per oligonucleotide (red trace). The solid lines correspond to the best fit of the kinetic curves to [Equation (4)](#gkt934-M4){ref-type="disp-formula"}.

To investigate the determinants of the nucleic acid annealing properties of Tat(44--61), we characterized the cTAR/dTAR annealing reaction in the presence of the various Tat(44--61) mutants. As Tat is probably present at low concentrations during RTion both in the virus and the cytosol of infected cells, the annealing reactions were examined at the low molar ratio value of three peptides per oligonucleotide. Moreover, this low ratio corresponds also to aggregation-free conditions ([@gkt934-B31]), which are critical to avoid artifacts in the fluorescence techniques. For all the tested mutants, we observed a large fluorescence increase resulting from the conversion of the doubly labeled cTAR stem-loop to the final cTAR/dTAR duplex ([Figure 6](#gkt934-F6){ref-type="fig"}). The fluorescence intensity reached a final plateau value in 400--8000 s, depending on the peptide. The plateau value by itself was not influenced by the dTAR concentration or by the peptide nature, indicating that the doubly labeled cTAR was always fully converted to an extended duplex (ED) that cannot be dissociated by the peptides. As cTAR/dTAR annealing is a long lasting process in the absence of peptide, taking more than one day at room temperature ([@gkt934-B47]), the kinetic curves ([Figure 6](#gkt934-F6){ref-type="fig"}) clearly indicated that all tested peptides promoted annealing, although with different efficiency. As reported for the Tat(44--61)-directed annealing ([@gkt934-B30],[@gkt934-B31]), all traces were best described by a double exponential function: where *I*(*t*) is the fluorescence intensity at time *t*, *k~obs1~* and *k~obs2~* are the apparent pseudo first-order rate constants governing the two kinetic components, *a* is the relative amplitude of the fast component, and *t~0~* is a dead time. *I~0~* and *I~f~* stand for the fluorescence intensities of TMR-5′-cTAR-3′-Fl in its free form and in the final ED, respectively. The *I~f~, I~0~* and *t~0~* were determined independently. Figure 6.Kinetics of cTAR/dTAR annealing in the presence of Tat(44--61) derivatives. The annealing of TMR-5′-cTAR-3′-FL (10 nM) with dTAR (500 nM) was monitored in 25 mM Tris buffer (pH 7.5), 0.2 mM MgCl~2~, 30 mM NaCl, in the presence of Tat(44--61) and its various derivatives used at a molar ratio of three peptides per oligonucleotide. Black trace: Tat(44--61), violet: Tat(44--57), green: Tat(44--61)Y47A, cyan: Tat(44--61)R~52~A,R~53~A, blue: Tat(44--61)R~55~A,R~56~A, red: Tat(44--61)ac and orange: Tat(50--61). The kinetic traces of Tat(44--61)Q54A and Tat (44--61)Y47W were nearly superimposable with the Tat(44--61) one, and thus were not represented. The solid lines correspond to the best fit of the kinetic curves to [Equation (4)](#gkt934-M4){ref-type="disp-formula"}.

For most of the Tat(44--61) peptides, the fast component *k~obs1~* linearly varies with \[dTAR\], whereas *k~obs2~* shows a hyperbolic dependence on \[dTAR\]. This suggests that the various peptides likely promote the formation of an intermediate complex (IC) that further converts into the final ED, in a two-step reaction scheme ([Scheme 1](#gkt934-SCH1){ref-type="scheme"}) similar to that of the native peptide ([@gkt934-B31]): Scheme 1.Mechanism for the Tat(44--61)-promoted cTAR/dTAR annealing.

where *k~ass~* is the second-order association rate constant for the formation of IC, and *k~diss~* and *k~2~* are the first-order rate constants for the dissociation of IC and for its conversion into ED, respectively. The values of the different parameters ([Table 2](#gkt934-T2){ref-type="table"}) were determined using the Dynafit numerical resolution software ([@gkt934-B48]), which allows to simultaneously fit the experimental progress curves obtained at different dTAR concentrations. These values were in excellent agreement with those obtained by fitting the *k~obs1~* and *k~obs2~* dependence on the dTAR concentration (data not shown), giving good confidence in the retrieved values and the proposed reaction scheme. Comparison of (i) the kinetic curves ([Figure 6](#gkt934-F6){ref-type="fig"}), (ii) the *k~ass~*, *k~diss~* and *k~2~* values ([Table 2](#gkt934-T2){ref-type="table"}) and iii) the gel electrophoresis data of the various peptides in cTAR/dTAR annealing ([Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1), [Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1)) clearly revealed the existence of two classes of peptides. These two classes could not be related to differences in the number of bound peptides per oligonucleotide, because based on the binding data of [Table 1](#gkt934-T1){ref-type="table"} and the experimental conditions used for the annealing experiments, we calculated that at least 80% of the added peptides were bound in these experiments. The first class, composed of Tat(44--61), Tat(44--57), Tat(44--61)Y47W and Tat(44--61)Q54A was characterized by high values for both the kinetic association (*k~ass~* = 0.41 − 1.2 × 10^5^ M^−1^s^−1^) and dissociation rate constants (*k~diss~* = 1.5 -- 2.0 × 10^−2^ s^−1^) that were respectively up to 48- and 9-fold higher than the corresponding values of the peptides of the second class \[Tat(50--61), Tat(44--61) R52A,R53A, Tat(44--61) R55A,R56A, Tat(44--61)ac and Tat(44--61)Y47A\]. Thus, efficient cTAR/dTAR annealing requires the interactions between the peptide-coated reactants to be highly dynamic. Interestingly, the *k~ass~* values of the first class of peptides were comparable with those observed for the NCp7-promoted cTAR/TAR annealing at nearly saturating concentrations of NCp7 ([@gkt934-B72]), which likely allow the oligonucleotides to rapidly explore various interaction modes, and thus find the appropriate one that will nucleate the ED. Moreover, the high *k~diss~* values likely avoid cTAR and dTAR to be kinetically trapped in misfolded ICs that would be unable to lead to the ED. As the full length Tat was reported to exhibit kinetic rate constants close to those of Tat(44--61) in promoting the cTAR/dTAR annealing ([@gkt934-B31]), these highly dynamic interactions constitute likely also a major component of the annealer properties of Tat. Noticeably, as the decrease in the *k~ass~* values for the second class of peptides as compared with the first class was partly compensated by their decreased *k~diss~* values, the values of the IC equilibrium constant, *K~a~*, were comparable for both classes, suggesting that the IC stability *per se* does not constitute a key factor in the different annealing properties of the two classes. Table 2.Parameters for the cTAR fret/dTAR annealing in the presence of Tat(44--61) and its variants at 20°C[^a^](#gkt934-TF2){ref-type="table-fn"}ParameterTat(44--61)Tat(44--57)Tat(44--61) Y47WTat(44--61) Q54ATat(50--61)Tat(44--61) R52A, R53ATat(44--61) R55A, R56ATat(44--61)acTat(44--61) Y47A*k~ass~* (M^−1^.s^−1^ × 10^−5^)1.2[^b^](#gkt934-TF3){ref-type="table-fn"}0.81.10.410.0250.0360.0310.0250.039*k~diss~* (s^−1^ × 100)1.6[^b^](#gkt934-TF3){ref-type="table-fn"}21.51.90.380.290.220. 400.24*k~2~* (s^−1^ × 100)1.3[^b^](#gkt934-TF3){ref-type="table-fn"}2.211.30.590.130.170.460.56*K~a~* (M^−1^ × 10^−6^)[^c^](#gkt934-TF4){ref-type="table-fn"}7.547.32.20.661.21.40.651.6Δ*G^‡^* (kcal.mol^−1^)[^d^](#gkt934-TF5){ref-type="table-fn"}6.36.66.478.68.48.58.68.3Δ*G nuc* (kcal.mol^−1^)[^e^](#gkt934-TF6){ref-type="table-fn"}5.25.55.35.97.57.37.47.57.2Activity in RTion[^f^](#gkt934-TF7){ref-type="table-fn"}100100100∼30∼303520[^3][^4][^5][^6][^7][^8]

Peptides of the first class were also characterized by *k~2~* values (1.3--2.2 × 10^−2^ s^−1^) that are ∼2- to 16-fold higher than the *k~2~* values of the second class, indicating that they more efficiently convert the IC into the final ED. Moreover, comparison of the kinetic parameters of the two classes further revealed that the *Gln54* residue and the ^58^PPQG^61^ sequence of Tat(44--61) marginally contribute to the annealing activity of the peptide. In sharp contrast, both the basic residues and the *Tyr47* residue were critical for efficient cTAR/dTAR annealing by contributing both to the highly dynamic interaction between the oligonucleotides and the efficient interconversion of the IC into the ED. Moreover, although replacement of *Tyr47* with *Ala* led to strong changes of the kinetic parameters, its replacement with *Trp* preserved the full activity, indicating that the aromatic nature of the residue at position 47 is crucial for nucleic acid annealing.

To further dissect the effect of the Tat mutants on the cTAR/dTAR annealing reaction, we plotted the dependence of the *k~obs1/2~* values on the temperature in the range 5--50°C through an Arrhenius plot ([Figure 7](#gkt934-F7){ref-type="fig"}). According to the Arrhenius model, the transition state thermodynamic parameters can be derived from the reaction rates using: where the rate constant *k~1/2~* is given by *k~obs1/2~*/\[cTAR\], *A* is a pre-exponential factor, *E~a~* is the activation energy, *R* the universal gas constant and *T* is the absolute temperature in Kelvin. Mutations and truncations of the Tat(44--61) peptide marginally influenced the slopes of the straight lines fitted to the data in [Figure 7](#gkt934-F7){ref-type="fig"}A (fast component) and 7B (slow component). The values of *E~a~* and the corresponding transition state enthalpy *ΔH^‡^* ([Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1), [Supplementary Materials](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1)) showed that the different peptides comparatively influenced the energy barriers for the transition states of the cTAR/dTAR annealing reaction. As previously reported ([@gkt934-B31]), the *ΔH^‡^* values of ∼10 and 18 kcal.mol^−1^ for the fast and slow components, respectively, indicate that the cTAR/dTAR annealing promoted by the Tat peptides involves premelting of 2--3 base pairs for the fast component and 4--5 base pairs for the slow component. Figure 7.Arrhenius analysis of the annealing of cTAR to dTAR in the presence of Tat (44--61) derivatives. Temperature dependence of *k~obs1~* (A) and *k~obs2~* (B) for the reaction of 10 nM TMR-5′-cTAR-3′-FL with 100 nM dTAR in the presence of Tat(44--61) (black), Tat(44--61)Q~54~A (gray), Tat(44--57) (magenta), Tat(44--61)Y47A (green), Tat(44--61)R52A,R53A (cyan), Tat R55A,R56A (blue), Tat(50--61) (orange) or Tat(44--61) acetylated (red). The straight lines represent the best fits of the data to [Equation (5)](#gkt934-M5){ref-type="disp-formula"}.

To further delineate the differences between the two classes of Tat peptides in their ability to promote cTAR/dTAR annealing, the *k~ass~* parameter, which is largely responsible for the different behaviors of the two classes, was expressed as ([@gkt934-B73]): where *k~diff~* (∼6.5 × 10^9^ M^−1^s^−1^) is the theoretical diffusional collision rate of annealing molecules ([@gkt934-B73],[@gkt934-B74]), whereas exp(−Δ*G^m^*/*RT*) and exp(−Δ*G^nuc^*/*RT*) reflects the probability of the colliding molecules to be in the melted reactive species and the probability of the collision to be productive, and thus nucleate the IC, respectively. As none of the Tat peptides could destabilize the cTAR termini (data not shown), the probability of the cTAR termini to be in a melted reactive form was set to the 0.15 value of the equilibrium dissociation constant that results from thermal fraying ([@gkt934-B68]). From this value and [Equation (6)](#gkt934-M6){ref-type="disp-formula"}, we deduced for Tat(44--61) and the peptides of the first class, a *ΔG^nuc^* value of ∼5 kcal.mol^−1^. This value for the transition free energy for nucleation is significantly smaller than the \>7 kcal.mol^−1^ values for the peptides of the second class, indicating that the peptides from the first class substantially increase the probability of productive collisions for nucleating the IC. These efficient productive collisions likely result from the ability of the basic residues of Tat(44--61) to efficiently screen the negatively charged cTAR and dTAR sequences and create short range interactions between them, as well as from the base tilting promoted by *Tyr47* stacking that probably favors intermolecular base pairing between the complementary sequences.

Finally, our objective was to correlate our kinetic and thermodynamic data with previously reported RTion data obtained using HIV-1 viruses prepared from cell lines expressing HIV-1 *Δtat* viruses (in which the *tat* gene has been functionally deleted) and stably transcomplemented with wild-type or mutant Tat proteins ([@gkt934-B42]). The ability of these Tat proteins to restore RTion in HIV-1 *Δtat* viruses was evaluated in natural endogenous RTion assays, comparing HIV-1 viruses transcomplemented with Tat proteins mutated in the (44--57) domain relatively to viruses transcomplemented with the wild-type Tat protein. Interestingly, a perfect correlation was observed between the efficiency of Tat mutants to promote RTion and their ability to promote fast association and dissociation of the IC ([Table 2](#gkt934-T2){ref-type="table"}). A dramatic decrease in RTion efficiency was seen with mutation of *Tyr47* in *Ala* and replacement of pairs of basic residues by *Ala*, whereas in contrast, replacement of *Gln54* with *Ala* or replacement of *Tyr47* with *Trp* had no effect on Tat-promoted RTion.

Taken together, our data show that the efficiency of the Tat peptides to promote cTAR/dTAR annealing is associated with their ability to favor highly dynamic interactions between the complementary oligonucleotides to nucleate the IC. Moreover, the ability of a given Tat mutant to promote these dynamic interactions closely correlates with its ability to promote RTion, suggesting that it constitutes a key feature of the annealer properties of Tat.

CONCLUSION
==========

In this work, we showed that the basic (44--61) domain of Tat binds to cTAR DNA with an affinity comparable with that for TAR RNA, suggesting that cTAR DNA is a likely target for Tat in the viral life cycle. This strong binding affinity was found to be mediated through electrostatic interactions between on the average 4 of the 8 basic residues of the Tat(44--61) domain and the DNA phosphate groups as well as through a stacking of the *Tyr47* residue with the DNA bases. Interestingly, our data further suggest that both the high flexibility of Tat and the presence of more basic residues than needed for tight binding enable Tat to bind to nearly any nucleic acid sequence, by adjusting its structure and selecting the most appropriate combination of basic residues. Moreover, the Tat basic domain was found to induce only limited conformational changes in cTAR, with the exception of nucleotides in the lower part of the cTAR stem that are thought to be tilted by the Tat(44--61) domain, and thus become annealing competent. As similar observations were reported for the binding of the fingerless and unfolded (SSHS)~2~NC(11--55) derivative to cTAR ([@gkt934-B61]) and for the binding of the basic domains of the core protein of the Hepatitis C virus to its nucleic acid targets ([@gkt934-B75]), it is likely that these basic nucleic acid annealers share common binding modes and mechanisms.

One major aspect of this work is the demonstration that efficient cTAR/dTAR annealing requires highly dynamic interactions between the peptide-coated oligonucleotides, probably to efficiently nucleate the IC and prevent trapping of misfolded intermediates. As the Tat(44--61) peptide and the full-length Tat protein induce similar cTAT/dTAR kinetics, these highly dynamic interactions are believed to be also promoted by the native Tat protein and constitute a general property of basic nucleic acid annealers. Structure--activity relationship studies further indicated that these dynamic interactions are supported by the basic residues and the *Tyr47* residue of the (44--61) domain, and that they correlate well with the ability of Tat to promote RTion ([@gkt934-B42]). As annealing between complementary DNA sequences occurs during the late steps of RTion, our data suggest that Tat may intervene as a nucleic acid annealer role in these late steps. This conclusion is in line with the much higher (30-fold) defect in the synthesis of full-length DNA as compared with the first strand (10-fold) observed with *Δtat* HIV-1 virions deleted of the *tat* gene ([@gkt934-B22]), indicating a probable role of Tat during the late steps of RTion. Moreover, due to its significantly lower affinity for double-stranded DNA as compared with single-stranded DNA and RNA ([@gkt934-B76]), NCp7, the major nucleic acid chaperone in RTion is thought to partially dissociate from the nucleic acids during the late steps of RTion ([@gkt934-B77]), so that Tat may partly replace NC during these late steps. This hypothesis is further reinforced by the fact that the two proteins were shown to not only exhibit comparable annealing activities but also to act synergistically ([@gkt934-B31]). Thus, together with the likely dissociation of NC from double-stranded DNA due to its low affinity for this substrate, the synergistic annealing activity of the two proteins reinforces the hypothesis that Tat may play a major role in the presence of residual NC molecules during the late steps of RTion. Furthermore, our data indicate that the Tat(44--61) peptide is unable to promote the annealing of cTAR with TAR RNA that occurs during the first obligatory strand transfer of RTion. Again, these data are consistent with the fact that similar defects were observed for the synthesis of the first strand and the (−) strong stop DNA with *Δtat* HIV-1 virions, indicating that in contrast to NCp7 \[for review, see refs ([@gkt934-B69],[@gkt934-B80],[@gkt934-B81])\], Tat probably plays a marginal role in the first strand transfer. The inability of the Tat(44--61) peptide to promote cTAR/TAR annealing is reminiscent of the poor efficiency of the (SSHS)~2~NC(11--55) peptide to promote the same reaction ([@gkt934-B61]), suggesting that the absence of nucleic acid destabilizing component in annealers likely prevents them to promote annealing reactions involving stable sequences, such as TAR RNA. Moreover, as single-point mutations of the *Tyr47* residue were shown to be unable to affect the activity of Tat in transcription of the integrated HIV viral genome ([@gkt934-B42]) as well as the ability of the Tat basic domain to promote the annealing of two short single-stranded RNA sequences ([@gkt934-B33]), it is believed that Tat exhibits different interaction modes and mechanisms on RNA and DNA sequences. Finally, the efficient decrease in the binding affinity to cTAR and the strong decrease in the Tat-promoted cTAR/dTAR kinetics induced by acetylation of *Lys50* and *Lys51* residues indicate that this *in vivo* post-translational modification of Tat ([@gkt934-B34],[@gkt934-B82]) may efficiently down-regulate the role of Tat in RTion.

As active Tat peptides are responsible for highly dynamic interactions between oligonucleotides, it is likely that these peptides have to be in fast and transient equilibrium with their target nucleic acids as well. Such a fast nucleic acid binding and dissociation was described for NCp7, and shown to be a key component of the nucleic acid chaperone properties of this protein ([@gkt934-B83]). Moreover, by analogy to the Tat(44--61) peptide, the aromatic residues of NCp7 were found essential in these fast kinetics ([@gkt934-B84]). Thus, it may be speculated that this rapid binding and dissociation may also be a hallmark of Tat(44--61), in particular, and nucleic acid annealers, in general. This point is under current investigation.
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[^1]: ^a^From ref. ([@gkt934-B30]).

[^2]: Titrations were monitored by fluorescence anisotropy at 20°C in 25 mM Tris (pH 7.5), 30 mM NaCl and 0.2 mM MgCl~2~, as described in [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1), [Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt934/-/DC1). The values of the observed binding constants, *K~obs~*, were calculated by fitting the titrations curves with [Equation (6)](#gkt934-M6){ref-type="disp-formula"}, assuming ten independent and equivalent binding sites per cTAR molecule.

[^3]: ^a^The annealing reactions were performed as described in [Figure 6](#gkt934-F6){ref-type="fig"}. The values of the kinetic parameters, *k~ass~*, *k~diss~* and *k~2~* were calculated by Dynafit from the experimental progress curves on the basis of a two-step mechanism.

[^4]: ^b^Values from ([@gkt934-B31]).

[^5]: ^c^*k~ass~*/*k~diss~* ratio.

[^6]: ^d^calculated using *ΔG^‡^ = −RTln(k~ass~/k~diff~)* with *k~diff~ =* 6.5 × 10^9^ M*^−^*^1^s*^−^*^1.70.^

[^7]: ^e^*ΔG~nuc~* values were calculated from [Equation (5)](#gkt934-M5){ref-type="disp-formula"}.

[^8]: ^f^Values are from [Figure 2](#gkt934-F2){ref-type="fig"} of reference ([@gkt934-B42]).
